Studies of feline leukemia virus (FeLV) have illustrated the importance of the genotype of the infecting virus in determining disease outcome. In FeLV infections, as in other retroviral infections, it is less clear how virus variants that evolve from the transmitted virus affect pathogenesis. We previously reported an analysis of the genotypic changes that occur in the viral envelope gene (env) in cats infected with a prototype transmissible FeLV clone, 61E (J. Rohn, M. Linenberger, E. Hoover, and J. Overbaugh, J. Virol. 68:2458-2467, 1994). In one cat, each variant (81T) had evolved, in addition to scattered amino acid changes, a four-amino-acid insertion with respect to 61E. This insertion was located at the same site in the extracellular envelope glycoprotein where the immunodeficiency-inducing molecular clone 61C possesses a six-amino-acid insertion critical for its pathogenic phenotype, although the sequences of the insertions were distinct. To determine whether acquisition of the four-amino-acid insertion was associated with a change in the replication or cytopathic properties of the virus, we constructed chimeras encoding 81T env genes in a 61E background. One representative chimeric virus, EET(TE)-109, was highly cytopathic despite the fact that it replicated with delayed kinetics in the feline T-cell line 3201 compared to the parental 61E virus. The phenotype of this virus was also novel compared to other FeLVs, including both the parental virus 61E and the immunodeficiency-inducing variant 61C, because infection of T cells was associated with syncytium formation. Moreover, in single-cycle infection assays, the 81T-109 envelope demonstrated receptor usage properties distinct from those of both 61E and 61C envelope. Thus, these studies demonstrate the evolution of a novel T-cell cytopathic and syncytium-inducing FeLV in the host. The 81T virus will be valuable for dissecting the mechanism of T-cell killing by cytopathic variants in the FeLV model.
The diversity of retroviruses may reflect, in part, the ability of these viruses to adapt to different selective pressures applied by the host. For example, virus variants that are selected for transmission may differ from virus variants that are favored for replication within a chronically infected individual. Diversity may also lead to viruses with distinct cytopathic and pathogenic properties; indeed, this paradigm has been supported by data from several animal models of retrovirus infection. For example, infection with one particular cloned feline leukemia virus (FeLV) variant, 61C, leads to fatal immunodeficiency in cats, whereas infection with another variant, FSC, causes aplastic anemia in cats (reviewed in reference 36). The pathogenic properties of these FeLV variants have been mapped to the extracellular envelope glycoprotein (SU), which plays a critical role in receptor recognition and viral host cell range (36) . The three previously defined subgroups (A, B, and C) of FeLV most likely define envelope subtypes that use different cellular receptor molecules for viral entry (36) .
Subgroup A FeLVs represent the types of FeLV variants that are transmitted in natural infections (36) . FeLV-61E is a molecular clone that is a prototype FeLV-A (9); namely, it replicates in a variety of feline cells and tissues, but it is not cytopathic to these host cells and is relatively attenuated in pathogenicity. Thus, infection of cats with FeLV-61E provides a model to study the evolution of pathogenic variants starting with a highly transmissible but generally avirulent cloned virus. We had previously investigated the genetic diversity of FeLV envelope sequences in proviruses from cats inoculated with molecularly cloned 61E (35) . From the tumor of one of the cats (Curly 40681), we isolated six highly related clones (81T) that had evolved both scattered mutations as well as a 12-nucleotide (nt) insertion with respect to 61E. The insertion was particularly intriguing because it occurred in the same location of the envelope gene at which there is an 18-nt insertion in the immunodeficiency-inducing 61C variant. This insertion has been identified as a key determinant of the cytopathic and pathogenic properties of the FeLV-FAIDS 61C clone (10, 32) .
Both 61E and 61C were isolated simultaneously from a cat that had been infected with FeLV-FAIDS, an isolate that had been obtained from a naturally infected cat that developed a T-cell lymphoma (18, 27) . Despite the fact that fatal immunodeficiency is the most common outcome of natural FeLV infections (17) , FeLV-FAIDS is the only FeLV isolate examined to date that causes this disease. Therefore, it is unknown whether there are multiple classes of FeLV mutations that might serve as immunodeficiency-inducing determinants, or whether variants bearing essentially the same critical set of mutations are transmitted to, or evolve independently in, each afflicted cat. Indeed, it is also generally unclear how often retroviruses bearing cytopathic determinants arise in vivo and what selective advantage they possess in the host. Although the amino acid sequences encoded within the 81T variant insertions were distinct from that of the 61C SU insertion, we hypothesized that any such disruption in that region of envelope might confer cytopathic properties upon a virus that contained it. In the present study, we sought to test this hypothesis by isolating complete env clones encoding the novel insertion from the tumor DNA of cat 40681 and examining the biolog-ical phenotype of viruses bearing the 81T envelope. These studies showed that the 81T virus had evolved from the parental 61E virus into a T-cell-cytopathic and syncytium-inducing virus with altered receptor usage properties. Surprisingly, despite the presence of an insertion at the same position in the envelope protein of the T-cell-cytopathic 81T and 61C variants, the two viruses differed in their replication and interference properties and in their mechanisms of cell killing.
MATERIALS AND METHODS
Detection of 81T env sequences by PCR. Cat Curly 40681 was inoculated with molecularly cloned virus 61E that was derived from the chronically infected feline fibroblast cell line JOAHE4 and died approximately 14 months after infection with thymic lymphoma, as reported previously (35) . Peripheral blood mononuclear cells (PBMC) were isolated by Percoll gradient centrifugation from whole blood of cat 40681 at 9 and 12 months postinfection (p.i.), and total genomic DNA was isolated from these samples by standard methods. To control for extraneous DNA contamination during DNA isolation, genomic DNA from uninfected feline 3201 T cells was isolated in parallel with each sample, and all manipulations were performed in an isolated laboratory as described previously (29) . Nested PCR was performed on 100 ng of genomic DNA template (first round) or 0.1 l of first-round product (second round), using reaction cocktail components and thermal cycling conditions described previously (35) . The firstround primer pair, which is specific for exogenous FeLV, consisted of FeLVpol-5 and FeLV-U3-2B (35) . The second-round primer pair, which is specific for 81T env-containing sequences, consisted of FeLV-81T-Ins (5ЈGGCGCCTGGA GAATCGC), which anneals in the sense orientation to the 12-nt insertion (underlined) and 5 nt of flanking sequences in the 81T-109 env gene (61E nt 7126 to 7130), and FeLV-U3-4 (5ЈAAACTTCTGCTGTTTCAGCTATA), which anneals in the antisense orientation to nt 8134 to 8156 in the U3 region of 61E. The PCR product was electrophoresed though 1% agarose, stained with ethidium bromide, and photographed under UV light.
Molecular cloning of complete 81T envelope genes. 81T env gene-long terminal repeat (LTR) fragments were amplified by PCR from the thymic tumor genomic DNA of cat Curly 40681. PCR amplification was performed as described (35) but with a different upstream primer that would amplify a larger product that encoded the entire envelope gene. Briefly, FeLV-pol-1 (5ЈAACC AAGAACCTCGAGCCACGG), which anneals in the sense orientation to the pol gene (61E nt 5807 to 5828), and FeLV-U3-2B (35) , which contains an EcoRI tail, were used to amplify a 2.4-kb fragment containing 174 nt of the pol gene, the entire env gene, and 252 nt of the 3Ј U3 region of the LTR. This fragment was digested with EcoRI and cloned into M13mp18 cut with SmaI and EcoRI. Nucleotide sequence analysis was performed by the dideoxy chain-terminating method (39) .
Chimeric virus construction. The construction of the EECC chimera, which encodes 5Ј LTR and gag-pol genes of 61E and the env gene and 3Ј LTR of 61C, has been described previously (27) . For construction of 81T envelope chimeras, double-stranded DNA from M13mp18 81T env-LTR clones 81T-102, -106, and -109 was digested with XhoI (corresponding to 61E nt 5818) and RsrII (corresponding to 61E nt 7898) to generate 2.1-kb inserts encoding the entire SU and transmembrane (TM) domains of envelope (corresponding to nt 5818 to 7897 in 61E). A plasmid encoding the 61E genome in pUC18 (p61E) has been described elsewhere (27) . p61E was digested with the unique restriction endonucleases XhoI and RsrII, and the desired 10.4-kb fragment (encompassing the plasmid, genomic flanking sequences, and 61E nt 1 to 5817 and 61E nt 7898 to the 3Ј end of the provirus) was separated from the internal XhoI-RsrII fragment (nt 5818 to 7897). The two fragments of interest were purified by agarose gel electrophoresis and ligated by standard methods. The resulting constructs were verified by restriction endonuclease digestion and limited nucleotide sequence analysis and were called pEET(TE)-102, -106, and -109, using a modification of the nomenclature described previously (10, 44) , where E indicates 61E origin, T indicates 81T origin, and the five letters correspond to 5Ј LTR/gag, pol, env SU, env TM, and 3Ј LTR, respectively. The numbers 102, 106, and 109 indicate specific 81T envelope subclones.
Cell culture. The feline T-lymphoma cell line 3201 was maintained as described previously, with the addition of 0.25 g of amphotericin B per ml to the media (44) . AH927 feline fibroblasts cells, both uninfected and infected, were maintained in complete minimal essential medium as described previously for AH927 cells (44) , with the addition of 0.25 g of amphotericin B per ml to the medium. To select for drug-resistant AH927 cells, G418 (Geneticin; Gibco BRL) was added at a concentration of 0.65 mg/ml. For all G418 selections, the active drug concentration ranged from 589 to 743 g/mg. All cell lines derived from D17 dog osteosarcoma cells were maintained in complete minimal essential medium supplemented with 0.8 mg of G418, 155 U of hygromycin B, and 0.25 g of amphotericin B per ml. PA317 murine cells expressing LAPSN (LAPSN/ PA317 [20] ) were maintained in Dulbecco's modified Eagle medium supplemented with 10% fetal bovine serum, 100 U of penicillin per ml, 100 g of streptomycin per ml, 0.25 g amphotericin B per ml, 2 mM L-glutamine, and 1 mg of G418 per ml.
Infection studies. To generate virus stocks, proviral clones were transfected by electroporation into the feline T-cell line 3201. Viral replication and spread were assessed by an enzyme-linked immunosorbent assay (ELISA) for FeLV p27 gag (Virachek/FeLV; Synbiotics, San Diego, Calif.) in the culture supernatant. Cellfree supernatants were harvested from infected cells 2 days after p27 gag production had reached saturating levels, and the 50% tissue culture infectious dose (TCID 50 ) was determined as described previously (44) . Briefly, viral supernatants were serially diluted and were used to infect 3201 cells in quadruplicate; the TCID 50 was considered the concentration at which at least 50% percent of the cultures were ELISA positive for p27 gag after 4 weeks of culture. Virus supernatants were used to infect 3201 cells in triplicate at a multiplicity of infection (MOI) of 0.005 or 0.001. For analysis of SU cell surface expression, a lower dose of the viruses, the amount of which was normalized between viruses for reverse transcriptase (RT) activity, were used for one infection.
Virus-induced cytopathic effects (CPE) were assessed by counting viable cells, which were identified by trypan blue dye exclusion, every 2 to 4 days and correcting for passage dilution to obtain total viable cell number. At each passage, viable cells were diluted to the same density, 5 ϫ 10 5 cells/ml in 5 ml. Cells undergoing CPE were not passaged; rather, at each time point, these cells were centrifuged at 800 ϫ g for 5 min and resuspended in 5 ml of fresh medium. In such cases, the concentration of certain cultures frequently fell below 5 ϫ 10 5 cells/ml. Syncytium induction at each time point was quantitated by counting the number of large, multinucleated syncytia (Ͼ5 fused cells) visible in one defined field of the microscope prior to any physical disturbance of the cultures. This number was divided by the density (all viable cells per milliliter) of the culture at that time point, and the resulting quotient was termed the syncytium index.
RT assays. For analysis of RT activity, cell-free viral supernatants were harvested and stored at Ϫ70°C. Ten-microliter aliquots of supernatant, and various dilutions thereof, were assayed essentially as described previously (14); briefly, we measured the ability of lysed virion preparations to catalyze the incorporation of radiolabeled nucleotide, using a polyribonucleotide template to which an oligodeoxyribonucleotide primer was annealed. Intensity of radioactivity was quantitated by PhosphorImager analysis, and the assigned PhosphorImager units (PIU) were adjusted by subtracting background radiation on the filter. Dilutions producing PIU in the linear range were adjusted to reflect PIU/microliter of supernatant for all samples. To take into account large differences in cell density during windows of cytopathicity, RT activity was also normalized by dividing adjusted PIU/microliter by viable cells/milliliter at the time of harvest.
Flow cytometry analysis. To analyze SU cell surface expression over the course of infection in T cells, flow cytometry was performed at daily intervals, from days 2 to 16 post p.i. infection. To stain cells for fluorescence-activated cell sorting (FACS) analysis, 2 ϫ 10 5 3201 T cells were washed three times in WB (Hanks balanced salt solution plus 2% fetal calf serum and 0.08% sodium azide). Cells were resuspended in 50 l of WB containing a 1:50 dilution of monoclonal antibody C11D8 (15) , specific for Env-SU, and incubated for 25 min at 37°C. Cells were then washed three times in WB, resuspended in 50 l of WB plus a 1:20 dilution of goat anti-mouse fluorescein isothiocyanate-conjugated immunoglobulin G2b (Southern Biotechnologies), and incubated on ice in the dark for 15 min. Cells were washed three times with WB, resuspended in 150 l of WB, and then fixed with 150 l of 2% paraformaldehyde in phosphate-buffered saline. Flow cytometry was performed on a Becton Dickinson FACS Star Plus.
Southern analysis. Infected cells were harvested, pelleted by centrifugation, and stored at Ϫ70°C. Total genomic DNA was isolated and analyzed by Southern blot with the exogenous FeLV LTR-specific probe exU3 as described previously (28, 35) . Briefly, in this analysis, digestion of either unintegrated or integrated proviral DNA with the restriction endonuclease KpnI yields a 3.4-kb internal fragment that hybridizes to the exU3 probe in the case of 61E and EET(TE)-109 and a 2.1-kb fragment in the case of EECC. Additionally, linear or circular unintegrated viral DNA (UVD) of all three viruses will produce an approximately 0.4 or 0.5-kb 5Ј-terminal LTR fragment, respectively.
Pseudotyped virus construction. A packaging-deficient EET(TE)-109 proviral genome was constructed by using a strategy described previously to generate a 61E packaging-deficient virus (5). Briefly, this construct, called pEET(TE)-109⌬⌿, is identical to pEET(TE)-109 except that it lacks a region of 107 bp upstream of the gag gene that includes a sequence (⌿) required for specific encapsidation of the FeLV genome into virions (5) . pEET(TE)-109⌬⌿ was verified by restriction endonuclease digestion.
The pLAPSN vector has been described previously (23) ; it is a murine leukemia virus (MuLV)-based vector that contains two marker genes, alkaline phosphatase (AP) and neomycin phosphotransferase (neo), the latter of which confers resistance to the drug G418. pLAPSN also contains an MuLV⌿ sequence that provides a signal for encapsidation into MuLV (23) and FeLV (5) virions. D17-LAPSN is a D17 cell line stably expressing the pLAPSN vector; it was made by infecting D17 cells with PG13-derived virus (LAPSN pseudotyped by gibbon ape leukemia virus [22] ) as described previously (5) . Cell clones were isolated, and those expressing high amounts of RNA that hybridized to a neo probe were identified by Northern analysis. EET(TE)-109⌬⌿ and a vector encoding hygromycin resistance (pCMVhph [2] ) were cotransfected into a D17-LAPSN cell line expressing high levels of vector RNA, and stable cell lines (called D17-EET (TE)-109⌬⌿/LAPSN) expressing both LAPSN and EET(TE)-109⌬⌿ were selected and isolated as described previously (5) . We identified cell clones that produced high amounts of virus [called EET(TE)-109⌬⌿/LAPSN virus] by screening for efficient transfer of the pLAPSN vector to naive 3201 cells. For this screen, 3201 cells were infected for 2 days with cell-free supernatant from candidate D17-EET(TE)-109⌬⌿/LAPSN cell lines, dotted onto glass slides, and allowed to air dry, and AP staining was performed essentially as described previously (13) . D17 cell lines expressing LAPSN plus 61E-⌬⌿ or EECC-⌬⌿ have been described previously (5, 24) ; viruses derived from these cell lines are called 61E-⌬⌿/LAPSN or EECC-⌬⌿/LAPSN, respectively.
The infectious titer of cell-free supernatants from cells expressing viral/ LAPSN pseudotypes was determined in both AH927 and 3201 cells, using resistance to G418 as a marker. For the adherent AH927 cells, 2 ϫ 10 5 cells were plated in 6-cm-diameter dishes and infected the next day in the presence of Polybrene (4 g/ml). Cultures were split 1:10 into medium containing G418 (0.65 mg/ml) the next day, maintained for 10 to 12 days, then stained with 2% methylene blue in 50% ethanol. The number of CFU per ml was determined by scoring total drug-resistant colonies. For 3201 suspension cells, limiting dilutions of virus were used to infect 3201 cells in the presence of Polybrene (4 g/ml). Replicate cultures were split into medium containing G418 (3 mg/ml), maintained with periodic replacement of media without cell passage for approximately 1 month, and scored for the ability to repopulate the culture after escaping from drug-mediated killing. G418-resistant TCID 50 was calculated from the dilution of virus that allowed 50% of the cultures to repopulate with drugresistant cells.
Superinfection interference assays. Cell lines chronically infected with EET (TE)-109 or EECC were created by infecting AH927 cells with viral supernatant from transfected 3201 T cells at a high MOI (Ն1) in the presence of Polybrene. These cells were maintained until they were judged to be chronically infected as assessed by ELISA detection of p27 gag protein in the culture supernatant. The derivation of chronically 61E infected AH927 cells, JOAHE4, was described previously; this cell line was also the source of virus that infected the cat from which 81T was isolated (35) . Flow cytometric analysis of chronically infected target cells was performed by methods similar to those described above for 3201 T cells, using monoclonal antibody C11D8 for the primary stain and fluoresceinconjugated anti-murine immunoglobulin G antibody as the secondary stain. Superinfection interference assays in chronically infected AH927 cell lines were performed essentially identically to the manner of determining the infectious G418-resistant titer of LAPSN-containing pseudotyped virus supernatants (described above). All infections were carried out with approximately 5,000 CFU of virus on approximately 4 ϫ 10 5 cells. Nucleotide sequence accession numbers. The sequences of the env genes of 81T-102, 81T-106, and 81T-109 are available from GenBank under accession no. U70377, U70378, and U58951, respectively.
RESULTS
PCR cloning of complete env genes from cat 40681. Although we previously obtained clones representing FeLV env and U3 sequences from cat 40681 tumor (35) , these clones lacked most of the sequences encoding the N-terminal envelope leader signal peptide. Therefore, to obtain a representative clone with a complete 81T env gene, we amplified a larger 3Ј genomic fragment from cat 40681 tumor DNA. We cloned and determined the partial nucleotide sequence of eight clones; of these, one resembled the parental 61E, and the other seven contained insertions similar to the previously isolated 81T clones (GESL or GESQ). Taken together with previous data (35), the results indicated that 13 of 14 clones isolated from cat 40681 tumor contained the 12-nt insertion. In Fig. 1 , The predicted amino acid sequences of three representative clones whose nucleotide sequences were determined through-FIG. 1. The deduced amino acid sequence of the envelope proteins of 81T-102, -106, and -109 variants compared to that of 61E. The sequence of 61C is also aligned for comparison. The sequences begin at the first amino acid of the mature SU and include the complete SU and TM regions. Dots indicate identity, letters indicate amino acid differences, and X denotes a premature stop codon. The conserved cysteines that flank the putative cysteine loop in TM (6) are underlined.
out the entire SU and TM regions of envelope (81T-102, -106, and -109) are aligned and compared to the amino acid sequence of the inoculated parental virus 61E. The 81T variants are highly related to 61E but have several mutations in common with one another. Comparing the amino acid sequences of 81T-102, -106, and -109 with those of the six previously published 81T variant envelopes (35), we determined that nine of nine envelope proteins shared a mutation at position 6 and a cluster of changes at positions 302, 307, and 314. Adjacent to the four-amino-acid insertion, there was also an amino acid change in each clone (position 351) compared to 61E. Additionally, some 81T clones encoded amino acid changes that were found in the same sites in 61C (positions 6, 378, and 408), perhaps reflecting some convergent evolution.
Origin of the 81T virus. To determine whether FeLV proviral genomes bearing the novel 12-nt insertion evolved directly from 61E during the course of infection, we performed a nested PCR strategy that used a primer specific for the 81T insertion in the second round of amplification. We examined both the 61E-infected AH927 cell line (JOAHE4), which was used to generate the inoculum for cat 40681, as well as PBMC derived from this cat at 9 and 12 months p.i. As shown in Fig.  2 , 81T-specific amplification products were present in all samples derived from cat 40681, including blood drawn at the earliest available time point (9 months p.i.). In contrast, specific product was not seen in JOAHE4 DNA from approximately 5 ϫ 10 4 cells. These results were confirmed with Southern blot analysis of PCR products with the exU3 probe (data not shown). The PCR strategy was sufficiently sensitive to reproducibly detect approximately 1 to 10 copies (0.01 to 0.1 fg) of pEET(TE)-109 plasmid DNA. These data suggest that variants bearing an 81T envelope were not present in the inoculum but instead evolved from a parental 61E virus at some point prior to 9 months p.i.
Replication and cytopathicity of EET(TE)-109 in feline T cells. To examine the biological properties of the 81T envelope, we prepared chimeric proviruses containing the entire 81T-102, -106, and -109 env genes in a background of the 61E provirus [pEET(TE)-102, -106, and -109, respectively]. These chimeras, along with plasmids encoding the noncytopathic parental virus 61E and the cytopathic FeLV-FAIDS chimera EECC, which encodes the 61C envelope (27) , were transfected into the feline T-cell line 3201. The 3201 T-cell line was chosen for this analysis because the ability of a given FeLV to induce CPE in these cells has been strongly correlated with the capacity of that virus to induce fatal immunodeficiency disease in vivo (10, 28, 32) . We did not detect viral p27 gag production by either EET(TE)-102 and EET(TE)-106 viral clones after more than a month of culturing, suggesting that they were replication defective in this cell type. Consistent with this observation, there is a mutation in 81T-102 resulting in a premature termination codon in the extracellular portion of TM (Fig. 1) . In the case of EET(TE)-106, a probable cause for its inability to replicate is not as apparent, but this clone does contain a potentially disruptive mutation in the putative cysteine loop in TM (Fig. 1) , a region previously determined to be important for envelope protein processing (6, 44) . In contrast, EET(TE)-109 virus, which contains an insertion identical to the one in 81T-106, was replication competent. This virus was chosen as a representative infectious 81T virus for all further experiments.
Virus supernatants were used to infect naive 3201 T cells, and the viability of cells in infected cultures was monitored over approximately 4 weeks. As shown in Fig. 3A , EET(TE)-109 virus, like EECC, caused considerable cell killing, whereas the parental virus 61E, as established previously (10), had no significant effect on viability. Thus, the envelope of 81T-109 was sufficient to confer cytopathicity onto an otherwise noncytopathic virus. Loss of cell viability in EET(TE)-109-infected cultures was somewhat delayed (2 days) with respect to EECCinfected cells. Interestingly, the manifestation of 81T-109-induced CPE was distinct from that of EECC or from that of any other FeLV molecular clone yet described. As shown in Fig.  3E , EET(TE)-109 induced widespread syncytium formation in infected cultures, whereas EECC (Fig. 3F ) induced characteristic aggregation (reference 19 and our unpublished observations) and only extremely limited, smaller-syncytium formation. Cultures of 61E-infected (Fig. 3G) or mock-infected (Fig.  3H ) 3201 cells manifested neither of these types of CPE. We quantitated the number of large syncytia at each time point as a function of cell density, and these results are shown in Fig.  3B . Comparison of Fig. 3A and B reveals that syncytium induction in EET(TE)-109-infected cells occurred concomitant with the loss of cell viability.
To assess the efficiency of virus replication, we examined RT activity of the culture supernatants over time. Figure 3C depicts total RT activity as a function of days p.i. Figure 3D shows the same data normalized for cell density at the time of harvest, which takes into account the fact that during CPE, there were frequently very few viable cells to secrete virus particles In addition to the delay of peak RT activity, the total amount of RT activity exhibited by EET(TE)-109-infected cells at its peak was significantly lower than that shown by EECC-infected cells during their time of maximum production. The EET(TE)-109 virus replicated with kinetics more similar to that of 61E virus; in fact, the maximal level of RT activity in 61E-infected cells on day 15 was higher than that exhibited in cells infected with EET(TE)-109 ( Fig. 3C ), although the RT equivalents per cell were slightly lower in 61E-infected cells at these later times p.i. (Fig. 3D) . These results suggest that the EET(TE)-109 virus though cytopathic, appeared to replicate and/or spread in T cells more slowly than EECC, similarly to 61E.
Kinetics of virus spread measured by FACS analysis of envelope-SU expression. While analysis of virus expression by
RT assay provides a picture of virus replication in the total cell culture, it does not show the pattern of virus spread and infection of new target cells throughout the culture. Moreover, interpretations of RT data are somewhat complicated when the infection is cytopathic and total cell numbers are decreasing in some infections and not in others. Thus, to compare the rates of virus replication and spread during infection with 61E, EECC, and EET(TE)-109 variants, we determined the percentage of infected 3201 T cells as a function of time by analyzing cells for envelope-SU expression by flow cytometry at daily intervals p.i. The results of this analysis are shown in Fig.  4A for duplicate infections starting with equivalent levels of each virus, as determined by RT assay. EECC virus replicated with rapid kinetics and spread to essentially 100% of cells within 7 to 8 days p.i. In contrast, infection and spread to new cells were significantly delayed for both EET(TE)-109 and 61E, and the cultures did not become chronically infected until about 14 to 16 days p.i. Interestingly, despite the fact that EET (TE)-109 is a T-cell-cytopathic virus, it spread with somewhat delayed kinetics compared to the noncytopathic 61E parental virus (Fig. 4A) . Figure 4B shows the corresponding RT levels in these cultures over time. In general, the peak of RT activity was detected within 2 days after the culture became completely infected, as measured by SU cell surface expression. The relative orders in which the viruses achieved complete infection of the culture were similar in experiments using different virus stocks at an MOI of 0.001 (the same virus stocks and dose used in the experiments in Fig. 3 ). In this experiment (data not shown), EECC spread most rapidly, and 61E spread more rapidly than EET(TE)-109 in 3201 T cells. At this dose, complete infection of the culture (90 to 100% of cells expressing SU) was achieved in 6 to 10 days, depending on the virus; this was just prior to maximal RT expression for each virus (e.g., Fig. 3C ), which again corroborates the data shown in Fig. 4 .
Analysis of viral DNA copy number during the course of infection. To obtain an alternate assessment of the replication properties of the EET(TE)-109 virus, we harvested genomic DNA over the course of EET(TE)-109 infection and analyzed proviral and UVD copy number by Southern blotting. As shown in Fig. 5 , the EECC proviral load accumulated the most rapidly, whereas the EET(TE)-109 proviral load accumulated more slowly but reached levels approximately equal to that of EECC-infected cultures by 15 days p.i. In contrast, the proviral load of 61E-infected cultures also accumulated slowly but stabilized at a level much lower than did the cytopathic viruses, 3D . EECC-and EET(TE)-109-infected cultures that survived CPE and eventually repopulated the cultures (day 37) contained a proviral copy number much lower than the levels associated with maximum cytopathicity, which in this particular experiment occurred on days 10 to 19 p.i. (data not shown). However, the proviral load of EET(TE)-109 and EECC was higher than that of 61E at day 37. Interestingly, as has been shown previously for EECC (10) , cytopathicity in EET(TE)-109-infected 3201 cells was associated with UVD accumulation (days 12 to 19). The relative amount of UVD in cytopathic EET(TE)-109-infected cells was comparable to that of EECC by day 15.
Receptor usage properties of the 81T-109 envelope. To examine the interference properties of the 81T-109 envelope in a single-cycle infection assay, we used a panel of viruses pseudotyped with various envelope proteins and assayed their ability to enter cells by monitoring expression of a selectable marker (neo) encoded by the packaged RNA. The targets for these infections were chronically infected feline fibroblasts. To confirm that the target cells lines were expressing envelope, we performed flow cytometric analysis of the chronically infected cell targets with the FeLV SU-specific antibody C11D8. In this analysis (Fig. 6A) , 61E, EECC, and EET(TE)-109-infected AH927 cells each appeared as a fairly homogeneous population of cells shifted to the right compared to uninfected AH927 cells, which exhibited a low level of autofluorescence. Such a lack of bimodal distribution indicates that the majority of the cells in the population expressed SU to some degree. EET (TE)-109-infected cells exhibited a higher degree of SU-specific staining than did 61E-or EECC-infected cells.
We compared the interference properties of EET(TE)-109⌬⌿ and 61E-⌬⌿ to determine whether the 81T variant had altered receptor specificity compared to the parental virus from which it had evolved. An average of data from multiple superinfection interference assays using these target cells is presented in Fig. 6B . The control A-MuLV/LAPSN virus infected 61E-and EET(TE)-109-infected and uninfected AH927 cells with approximately equal efficiency, indicating no crossinterference among these viral envelope proteins. However, both 61E-and EET(TE)-109-infected cells were able to completely block infection by 61E-⌬⌿/LAPSN virus at this MOI (0.0125; 5 ϫ 10 3 CFU), indicating that the 61E and 81T-109 envelope proteins can establish superinfection interference against viruses with a 61E envelope. This pattern of superinfection interference was observed using as much as 5 ϫ 10 5 CFU per infection (MOI ϭ 1.25); even at this dose, EET (TE)-109-infected cells were completely resistant to 61E viral challenge. Cells infected with 61E could be infected at very low levels by 61E virus at an MOI of greater than 1; 30 to 100 foci were detected when 5 ϫ 10 5 CFU of 61E-⌬⌿/LAPSN virus particles was used for challenge. This very low level of infection with homologous virus challenge may reflect the lower levels of envelope expression in the 61E-infected target cells compared to the EET(TE)-109-infected target cells (Fig. 6A ), which were completely resistant to 61E infection at all MOIs tested.
Interestingly, in the reciprocal experiment using a virus with the 81T envelope for challenge (Fig. 6B) , 61E-infected cells demonstrated only partial interference when challenged by EET(TE)-109⌬⌿/LAPSN virus, with infection approximately 2.5 logs lower than the level of infection seen in AH927 cells. In repeated parallel experiments, 61E-infected cells were able to completely inhibit infection by viruses bearing the 61E envelope at this MOI (Ͼ3.5-log reduction [ Fig. 6B]) . Additionally, cells chronically infected with EET(TE)-109 were unable to completely block homologous challenge (approximately 1.5-log reduction), even though they expressed very high levels of envelope on the cell surface, as judged by FACS analysis (Fig.  6A) . These results suggest that the 81T-109 envelope protein may recognize an additional, lower-affinity receptor on fibroblasts that is not recognized by the 61E envelope protein.
Our previous studies showed that 61E and 61C viruses do not exhibit any reciprocal interference, suggesting that they may use different receptor molecules (24) . Here, we examined the interference between 81T and 61C envelope in AH927 cells infected with these two cytopathic FeLVs (Fig. 6C) . As reported previously (24) , AH927 cells chronically infected with EECC were infectable by EECC-⌬⌿/LAPSN virus, although there was an approximately 16-fold reduction in infection compared to uninfected cells (Fig. 6C) . There was no significant interference (Յ2-fold) against EET(TE)-109 infection in EECCinfected cells. Cells infected with EET(TE)-109 were partially resistant to homologous virus challenge (approximately 2 logs), but there was very modest interference (6.4-fold) to EECC FIG. 5 . Southern blot analysis of proviral load and UVD during infection. 3201 T cells were infected with EECC, EET(TE)-109 (109), or 61E at an MOI of 0.005 or were mock infected, and genomic DNA was harvested at days 2, 4, 6, 8, 10, 12, 15, 19, and 37 p.i. In this experiment, which is similar to the one depicted in Fig. 3 , cytopathicity was first apparent at approximately day 10. Twelve micrograms of DNA was digested with KpnI and analyzed by Southern blotting with probe exU3. Also included as a positive control was 4 g of genomic DNA from the bone marrow (BM) of cat 1668, which died with immunosuppression and T-cell lymphoma after experimental infection with a mixture of 61E and 61B. This DNA sample was previously shown to harbor high levels of UVD in a similar analysis (28) . The positions of the 3.4-kb fragments [corresponding to the internal KpnI fragment of 61E and EET(TE)-109] and 2.1-kb fragments (corresponding to the internal KpnI fragment of EECC) are indicated by arrowheads on the left. Also indicated with an arrowhead (labeled 0.4) is the position of the UVD fragments. The panels at the right indicate a longer exposure (days 2 to 6 p.i.) and shorter exposures (days 8 to 37 p.i.) of each Southern blot shown on the left. infection in these cells. Thus, the 81T envelope is distinct from the 61C envelope in its ability to establish significant interference to reinfection, although both envelope proteins were impaired in the ability to establish complete superinfection interference to infection by homologous virus in this assay.
DISCUSSION
These data comprise the first report of a T-cell-cytopathic FeLV having evolved directly from a noncytopathic FeLV during a single in vivo passage. Our previous understanding of FeLV immunodeficiency-inducing determinants was gleaned from studies of proviruses, like 61C, that were derived from a single isolate, FeLV-FAIDS. Because immunodeficiency is such a common outcome of natural FeLV infection, we were concerned that previous assumptions about the pathogenic mechanisms of FeLV-induced immunodeficiency could be biased toward this small subset of FeLV variants. In this context, one might consider, for example, how our understanding of human immunodeficiency virus (HIV)-induced cytopathology and pathogenesis might be affected if all studies of HIV type 1 were focused on a single viral isolate. In the present study, we characterized the evolution and cytopathic properties a variant, 81T, that was isolated from the tumor DNA of a cat infected with 61E. Our data suggest that while the 81T and 61C envelope proteins contain an insertion in the same site, and also share some phenotypic characteristics, they differ in many important aspects.
A virus encoding the 81T envelope protein in the context of the parental 61E proviral genome was highly cytopathic in feline 3201 T cells. Intriguingly, EET(TE)-109 virus induced syncytium formation in 3201 cells, a phenotype that has not been reported for other molecularly cloned FeLV variants. Virally induced membrane fusion is thought to occur due to interactions between viral envelope glycoprotein and the cellular receptor molecule (45) . While syncytium formation is common in lentiviruses that induce immunodeficiency and has been correlated with pathogenicity (3, 7, 12, 42, 43) , syncytium induction by mammalian type C retroviruses is relatively rare (1, 30, 31, 37, 46, 47) . Because the commencement of EET (TE)-109-induced cell killing and syncytium formation were temporally associated, syncytium formation may play an important role in the cytopathic effects that occur during EET (TE)-109 infection.
Although the EET(TE)-109 virus was only modestly delayed in inducing the onset of CPE in 3201 T cells compared to EECC, the replication kinetics of EET(TE)-109 were significantly attenuated with respect to EECC in the same cell type. The replication kinetics of EET(TE)-109 were more similar to those of the noncytopathic 61E virus. In fact, a detailed analysis of virus spread to new target cells over the course of infection suggests that the 61E virus replicates with more rapid kinetics than the cytopathic EET(TE)-109 variant in 3201 T As first postulated by Temin, superinfection is thought to play a central role in the cytopathicity of retroviruses, although the mechanism of cell killing remains unknown (40) . There is also good evidence that the cytopathicity of FeLV variants bearing the 61C envelope is caused by superinfection (8, 10, 19, 25, 26, 33) . Interestingly, CPE were evident several days before superinfection by EET(TE)-109 virus was apparent. It seems plausible, therefore, that syncytium-associated cell killing by 81T-109 virus may be responsible for the initial CPE observed in EET(TE)-109 infection and that CPE associated with high levels of replication and reinfection may enhance cell killing at later times in infection. Thus, EET(TE)-109 virus may kill cells by two distinct mechanisms: single-cell killing and killing by cell fusion. This is in contrast to EECC, which appears to cause CPE in T cells by an as yet undefined mechanism of single-cell killing associated with rapid replication kinetics and/or superinfection.
We hypothesize that the predicted four-amino-acid insertion (GESQ) in the C-terminal portion of the 81T-109 SU could function as one cytopathic determinant because the principal cytopathic and pathogenic determinant of 61C includes a predicted six-amino-acid insertion (YLTAPR) in the same site (10, 27, 32) . Similarly, other cytopathic FeLV-FAIDS variants (61B and 82K) also contain related but distinct predicted sixamino-acid insertions (YLAAPR and YRAAPR, respectively) in this site that likely serve as similar pathogenic determinants (27, 28) . Taken together, such observations suggest that the primary sequence of the insertion may not be as important as the potential disruption an insertion might have on the envelope protein structure. It is possible that the specific sequences of the insertion contribute to the unique ability of 81T envelope to cause cell-cell fusion in T cells. Alternatively, there may be additional determinants for syncytium formation by 81T. Because the sequences of the 81T-109, 61C, and 61E env genes differ by very few nucleotides, it should be possible to map the determinant(s) for the T-cell killing and syncytium formation phenotypes and to determine whether they can be decoupled.
Studies of the interference properties of 61E and 81T viruses suggest that the SU of the 81T virus may recognize the 61E receptor as well as a second receptor protein. The fact that AH927 cells chronically infected with 81T-109 were able to completely block infection by pseudotyped viruses bearing the 61E envelope is strongly suggestive that these two viruses can utilize the same receptor molecule to enter fibroblast cells. However, EET(TE)-109 can enter 61E-infected cells that are completely resistant to an equivalent dose of homologous virus challenge, although there is only partial resistance to EET (TE)-109 infection. This result is consistent with a model whereby viruses with an 81T-109 envelope can gain entry by an alternative mechanism, such as binding to a lower-affinity secondary receptor that is not recognized by 61E. These data are less consistent with a model based on differences in envelopereceptor affinity for a single receptor because the complete resistance to 61E infection in cells expressing 61E SU strongly implies that the 61E receptor is no longer available for attachment on the surface of these cells. Moreover, if 81T SU had a higher affinity than 61E for a common receptor, we would expect cells infected with EET(TE)-109 to be resistant to infection mediated by both 81T and 61E envelope, and they are not. Rather, the fact that EET(TE)-109-infected cells can completely block 61E infection but not infection with homologous virus is consistent with a model of two receptors. Based on these data, we hypothesize that there is one common receptor for 61E and 81T SU, as well as a second receptor recognized for attachment and entry of virus encoding the 81T SU that is not blocked by 81T SU in a manner that promotes infection interference.
The inability of 81T to establish complete homologous virus interference is reminiscent of the properties of the immunodeficiency-inducing 61C variant. Viruses encoding the 61C envelope have a limited ability to establish superinfection interference against homologous virus challenge, and it has been suggested that the lack of interference against reinfection may contribute to the cytopathic properties of the 61C variant (10, 19, 24, 33) . Because there is incomplete superinfection interference even against homologous challenge with 81T and 61C virus, our experiments designed to address the interference properties of 61C and 81T SU were inconclusive. Several studies have shown that 61E and 61C viruses have nonreciprocal interference patterns (19, 24, 33) . Additional studies from our laboratory using a similar single-cycle infection assay to monitor viral entry suggest that the 61C and the 61E viruses recognize different receptors on AH927 cells (24) . Taken together, our data are consistent with a model in which 81T-109 is a dualtropic virus that can recognize two different receptor proteins, whereas 61E and 61C are able to recognize only one or the other of these receptors. However, both kinetic analysis of viral replication and interference studies suggest that the 81T virus may not efficiently recognize the 61C receptor. In support of this model of dual-receptor recognition by FeLV, we have recently shown that while all subgroup B FeLV variants can recognize the Pit1 receptor, some variants of FeLV subgroup B can also enter cells by using a second receptor, Pit2 (4). These FeLV-B variants recognize the Pit2 receptor with reduced efficiency compared to the Pit1 receptor (4) , which also provides a paradigm for the model proposed for the 81T variant. Thus, studies of FeLV-B viruses provide direct evidence for dual-receptor recognition by FeLV; by analogy, our model of dual-receptor recognition by 81T SU may be most clearly addressed when the receptor molecules are identified.
Both the 81T clones and the FeLV-FAIDS isolate, which was the original biological source of 61C, were derived from cat thymic lymphoma tissue. It is intriguing that both animals developed a lymphoproliferative disease, because 61C causes a lymphoid depletion disorder in infected cats, and our observation of EET(TE)-109-induced T-cell CPE strongly suggests that the 81T-109 virus would cause some T-cell-related immunosuppressive disorders as well. In this regard, it should be noted that cat 40681, from which 81T-109 was cloned, had other FeLV-associated changes, including proviral rearrangement and enhanced expression of flvi-2 (20, 21) and a population of recombinant FeLVs that had transduced a potential oncogene, feline Notch2 (34) . Because immune surveillance is likely required to eliminate cells that have become transformed or malignant, an immunosuppressed state could facilitate tumor formation in cats, like 40681, that harbor FeLV-associated genetic rearrangements and potentially oncogenic viral variants. Indeed, two common complications in human HIV-infected individuals are Kaposi's sarcoma and B-cell lymphoma (reviewed in reference 16). Similarly, some monkeys infected with simian immunodeficiency virus (SIV) develop B-cell lymphoma (reviewed in reference 11).
The experiments described here were designed, in part, to examine the properties of viral variants that are selected during the course of pathogenic retroviral infections. At present, our understanding of the aspects of viral fitness that drive evolution and selection in retroviral infection is limited. Our experiments suggest that T-cell cytopathic viruses bearing the 81T-109 envelope evolved in the cat from a noncytopathic virus, 61E. We speculate that functional changes in the 81T-109 envelope could have conferred a selective advantage in vivo to viruses that contained it. Viruses that could circumvent 61E interference, even at reduced efficiency, would be expected to be strongly selected in a cat persistently infected with 61E virus, because these variants could spread throughout the 61E-saturated target cell population.
These results complement and extend our knowledge of the somewhat paradoxical phenomenon whereby the cytopathicity of SIV and HIV tends to increase during the course of infection (3, 7, 12, 38, (41) (42) (43) . Our system offers the advantage of studying this phenomenon using a relatively simple, molecularly defined retrovirus. Furthermore, studies using 61E as the inoculum are particularly valuable because this virus exemplifies the type of FeLV that is ubiquitous among cats and that is most frequently transmitted (9) . Therefore, observations on the pathogenicity of variants that evolve from 61E may be more relevant than studies using acutely cytopathic laboratoryderived isolates that might otherwise be unlikely to be transmitted in nature.
